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ABSTRACT 

How impermeable are ‘impermeable liners’? AI1 liners leak, including 
geomembranes, but how much? What are the mechanisms of leakage 
through liners constrrrcled with geomembranes? To answer these ques- 
tions, a derailed review of ieakage mechanisms, published and unpub- 
lirhed test dara, and analyticalstudies bar been carried our with the goul of 
providing practical design recommendations. In particular, it appears that 
a composire liner (i.e. geomembrane on tow-permeubiliiy soil) is more 
effective in reducing the rate of leakage through the liner than either a 
geomembrane alone or a soil Iinet (low-permeability soil layer) alone. 
However, the paper shows that the eflectiveness of composite liners 
depends on the quality of the contact between the geomembrane and Ihe 
underlying low-permeubility soil buyer. 
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Coefficient in the relationship between coefficient of migration 
and pressure difference (dimension depends on relationship) 
Hole diameter (m) 
Water vapor diffusion coefficient of geomembrane (s) 
Acceleration due to gravity (m/s2) (note: g = 9-81 ds2) 
Relative humidity of water vapor (dimensionless) 
Relative humidity difference (dimensionless) --.-. . -. 
Linei thickl?(ti) . ‘- - . . 
Soil layer thickness (m) 
Hydraulic head (m) 
Hydraulic head difference (m) 
Depth of liquid on top of the geomembrane (m) 
Hydraulic gradient (dimensionless) 
Vertical hydraulic gradient in soil (dimensionless) 
Hydraulic conductivity (m/s) 
Equivalent hydraulic conductivity of geomcmbrane (m/s) 
Hydraulic conductivity of geotextile within its plane (m/s) 
Hydraulic conductivity of soil iayer (m/s) 
Mass (kg) 
Coefficient of migration (mtls) 
Geomembrane coefficient of migration (m*/s) 
Maximum value of geomembrane coefficient of migration 
(m*/s) 
Exponent in eqn (19) (dimensionIess) 
Pressure (Pa) 
Pressure difference (Pa) 
Value of pressure difference where mB reaches its plateau (Pa) 
Pressure of saturated water vapor (Pa) 
Flow rate, leakage rate (m’/s) 
Leakage rate due to geomembrane permeation (m%) 
Interface flow rate (i.e. flow rate in the space between 
gepmembrane and underlying soil) (m?s) 
Radial interface flow rate (m%) 
Flow rate into the soil (m3/s) 
Leakage rate per unit length in the direction perpendicular to 
the figure ( m2/s) 
Unitized leakage rate (i.e. leakage rate per unit area of liner) 
(mw 
Unitized leakage rate due to geomembrane permeation (m/s) 
Radius of wetted area (m) 
Radius (m) 
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Viscosity of liquid (kg@ s)) -a- -m - - --- -_--. Hydraulic tradZiiGvit~of the mediuieerl’ the gedmem- - 
brane and the underlying soil (m*/s) 
Density ( kg/m3) 

1.1 Scope 

I. I _ I Some essential questions 
Geomembranes are becoming the most commonly used material for the 
lining of containment facilities used to store water, chemicals, ore and 
waste. The use of geomembranes is mandatory in some countries for the 
lining of certain types of waste containment facilities, e.g. hazardous waste 
landfills and liquid impoundments. Even when municipal solid waste 
reduction processes are used (e.g. composting, recycling, incineration) 
there is still a substantial fraction of the waste (sometimes more than 50%) 
which must be landfilled and, when landfills are located over an aquifer, 
&hey should be lined. 

Geomembranes are relatively new as compared to other Iining mate- 
rials, such as clay, concrete and asphaltic concrete. As a consequence, 
many questions arise when their use is considered. These include: 

l Engineer’s questions al the conceptual design stage. Should a geomem- 
brane be placed on a low-permeability soil layer (thereby forming a 
geomembrane-soil composite liner), or should the geomembrane be 
placed directly on a drainage layer to collect leakage? 

l Engineer’s questions at the derailed design stage. How can leakage 
through a geomembrane be evaluated, and what is the influence of the 
permeability of the underlying soil? What size and number of 
geomembrane defects should be considered in leakage rate calcula- 
tions? If a layer of low-permeability soil is placed under a geomem- 
braoe (to form a composite liner) what are the required properties of 
this soil layer? What is the influence of hydraulic head on the leakage 
rate through the liner? For composite liners, does a geotextile placed 
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Spacing between geomembrane and underlying soil (m) 
Thickness (m) 
Geomembrane thickness (m) 
Time (s) 
Water vapor transmission rate (kg/(m* s)) 
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between the geomembrane and the low-permeability soil layer signi- 
ficantly affect the leakage rate if there is a defect in the geornem- 
brane? 

l Instalk’s and quality assurance monitor’s queslion. How critical are 
defects in a geomembrant due to puncture, inadequate seams, etc.? 

l Regula:or’s und specifier’s questim. What ‘reasonable’ leakage rates 
should be conside=-d in regulations and specifications? .-.-. se .- . _ _ 

0 Owner’s quarrion. Should geomem&rau&md alone or in associa- 
tion with low-permeability soils to meet performance criteria imposed 
in regulations and specifications? 

l Re~ponribZe c&en’s question. To what degree do geomembranes / 
help protect human health and the environment when they are used 
for the lining of facilities containing waste or other potentially danger- 
ous materials? 

l Researcher’squestion. In which area of leakage evaluation do we need 
additional research? 

All these questions are essential, considering that, for many years to 
come, storage and disposal in containment facilities will probably be the 
most practical way for handling waste, and water conservation will be a 
challenge that many societies will have to face. 

1.1.2 Purpuse and organization of this paper 
The purpose of this paper is to present the state of the art regarding the 
above questions. A  detailed review of leakage mechanisms, published and 
unpublished test data, and analytical studies are presented in two main 
sections: 

l a section devoted to geomembrane liners placed directly on a per- 
vious soil; and 

l a section devoted to composite liners comprised of a geomembrane 
placed on a low-permeability soil layer. 

The last section of the paper presents practical conclusions. 
The remainder of this introduction presents general information on 

liners and lining systems and gives basic definitions regarding leakage. 

1.2 Liners 

1.2. I Definition of liner 
A liner is a low-permeability barrier used to impede liquid or gas flow. 
Note that ‘low-permeability’ is used, and not ‘impermeable’. If there was 
such a thing as an impermeable barrier, it would be possible to prevent 
leakage, and many of the discussions and considerations presented in this 

B-6 



paper would be pointless. Although a glass may appear to be impermeable 
to water, none of the materials presently used in civil engineering to line 
large areas is impermeable. 

1.2.2 Liner materials 
Low-permeability materials used in civil engineering to construct liners 
include: J~w-p~e~@#y scils,S geomembranes, concrete and aspbaltic 
concrete:*C%fy low-pe’rmeabiIT$y soils and’gstitibranes are discussed in 

L 

this paper: 

l Low-permeability soils used to construct liners include clays, silty 
clays, clayey sands and silty sands. If such soils are not available at the 
site, it is possible to make a low-permeability soil by mixing bentonite 
with a more permeable soi such as sand. 

l Geomembranes arc low-permeability membranes used in civil en- 
gineering as fluid barriers. By definition, a membrane is a material 
that is thin and flexible. Geomembranes include asphahic geomem- 
branes and polymeric geomembranes- Examples of materials used to 
manufacture polymeric geomembranes are: high density poly- 
ethylene (HDPE); linear medium density polyethylene (LMDPE); 
polyvinyl chloride (PVC); and chlorosuffonated polyethyicnc 
(CSPE). Basic definitions regarding geomembranes are given by 
Giroud and Frobel’ and Giroud.” 

1.2.3 Composiie liner 
A composite liner is a liner comprised of two or more low-permeability 
components made of different materials in contact with each other. For 
example, a geomembrane and a low-permeability soil layer placed in 
contact with each other constitute a composite liner (Fig. l(b)) (p. 34). 
Composite liners are not double liners, as discussed in Section 1.3.2. 

The purpose of a composite liner is to combine the advantages of two 
materials, such as geomembranes and soils, which have different hyd- 
raulic, physical, and endurance properties. 

Hydrouiicproperties. On one hand, the presence of the low-permeabil- 
ity soil component is beneficial: 

l Geomembranes may have holes through which large amounts of 
leakage can occur if the geomembrane is placed on a pervious 
medium and subjected to a hydraulic head. The leakage rate through 
a geomembrane hoIe is reduced by several orders of magnitude, as 
discussed in this paper, if there is a low-permeability soil under the 
geomembrane. 

l The amount of time (called ‘breakthrough time’) required for liquid 
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to ffow through a geomembrane can be small. Even if the geomem- 
brane has no hole and flow is only due to permeation, the break- 
through time through a geomembrane can be of the order of a few 
weeks or less. This is essentially due to the thinness of geomem- 
branes. In contrast, soil layers are thick and the breakthrough time for 
a 1 m (3 ft) thick low-permeability clay with no cracks can be of the 

. order of 10 years ormore. - . a,‘---.. .,z 
On the other hand, the presence of the geomembrane component is 
beneficial because its very low permeability decreases the leakage rate by 
several orders of magnitude, compared to the leakage rate through a soil 
liner alone. 

The complementarity of the two components of a composite liner from a 
hydraulic standpoint can be summarized as follows: (i) the geomembrane 
component decreases the leakage rate, while the low-permeability soif 
component increases the breakthrough time; and (ii) the presence of the 
low-permeability soil in contact with the geomembrane decreases the rate 
of leakage due to a hole in the geomembrane. 

Physical properties. The compIementarity of the geomembrane and 
low-permeability soil components of a composite liner is also clear in the 
area of physical properties. One of the components of a composite liner 
may retain its integrity while the other is breached, and, in some cases, one 
of the components protects the integrity of the other: 

On one hand, geomembranes are thin and can be punctured and torn 
by shocks or concentrated stresses, whereas soil layers are thick and 
are rarely completely breached by shocks or concentrated stresses. 
Also, the low-permeability soil, which is smooth and relatively thick, 
protects the geomembrane from the concentrated stresses which 
might otherwise be exerted by underlying angular materials. 
On the other hand, clay liners may exhibit cracks, due to small strains 
or changes in moisture content, while geomembranes retain their 
continuity under these conditions. In addition, due to their extremely 
low permeability, geomembranes can prevent desiccation of the 
low-permeability soil. 

endurance properties. Chemical resistance and aging characteristics of 
geomembranes and soils are different. ‘Therefore, it is conservative to use 
two different materials: if one of them does not last as long as predicted, 
the other may continue to perform. ,In many cases, this would not be 
acceptable since aJ1 components of a design are normally required to 
perform. However, this may be sufficient in some cases such as landfills 
where performance requirements decrease after a certain period of time 
since ieachate generation dramatically decreases after landfill closure. 
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1.2.4 Terminology related to liners 
A geomembrane used alone (i.e. not associated with a low-permeability 
soil layer) is called a ‘geomembrane liner’ (Fig. l(a)). A low-permeability 
soil layer used alone (i-e., not associated with a geomembrane) is called a 
‘soil liner’ (e.g. a ‘clay liner’, if the soil is a clay). 

The geomembrane and the low-permeabitity soil used in a composite 
liner are referred to as the components of the composite liner. The terms 
‘geomembranc liner’ and ‘soil liner’&nxld be reserved for geomembranes 

‘and soil layers used alone and should not be used to designate the 
components of a composite liner. The terms ‘geomembrane’ and ‘soil 
layer’ should be used for the components of a composite finer. 

1.3 Lining systems 

I .3, I Definition of lining system 
Since RO liner is impermeable, leakage control cannot result only from 
liners. Leakage control, however, can result from a combination of liners 
and drainage layers, performing complementary functions: 

l Liners (which are low-permeability barriers) impede the Row of 
liquids toward the ground. 

+ Drainage layers (which have a high permeability) intercept the liquids 
and convey the flow toward a controtted collection point. 

The combination of liners and drainage layers in a containment facility is 
called a ‘lining system’. Therefore, the terms ‘liner’ and ‘lining system’ arc 
mt synonymous. 

1.3.2 Types of lining systems 
Double liner. A ‘double-liner lining system’ simply caNed a ‘double-liner 

system’or a ‘double liner’ is a liningsystem which incIudes two liners wirh a 
drainage layer to defect, coilecr, and remove liquids between the two liners 
(Fig. I(c, d, e)). Clearly, two liners in contact (i.e. without an intermediate 
drainage layer) do nut constitute a double liner; they constitute a compo- 
site liner, which is a single liner, as discussed below. 

SingZeliner. A single liner is a lining system which includes only one liner 
(Fig. l(a, b)). A single finer can be comprised of severa components: this 
is the case of composite liners (defined in Section 1.2.3), which are 
comprised of a geomembrane on a low-permeability soil, without a 
drainage layer in between. 

1.3.3 Terminology related to duubie liners 
The two liners of a double liner are referred to as the lop liner and the 
bottom liner. (The terminology p+ury liner and secondary her is also 
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SINGLE DOUBLE 
LINERS LINERS 

(b) 

- OEOMEMBRANE 

1 DRAINAGE LAYER 

z LOW-PERMEAGlLiYY SOIL 

Fig. 1. Five exampks of lining systems: (a) single geomcmbranc liner; (b) single composite 
liner; (c) double geomem brane liner; (d) dou bk liner with geomem brartc top (or primary) 

Iiner and composite bottom (or secondary) liner; (c) double composite liner. 

used.) The intermediate drainage layer is the leakage collection layer. This 
layer is part of the Ieakage detection, collection, and removalsystem, which 
also includes collector pipes and sumps. 

1.3:4 Materials used in lining systems 
Review of materials. Liner materials were discussed in Section 1.2.2. 

High-permeability materials used to construct leakage collection layers 
include: 

l high-permeability soils such as sands and gravels, often combined 
with pipes; and 

l synthetic drainage materials (also called synthetic transmission 
media) such as thick needlepunched nonwoven geotextiles, geonets, 
geomats and corrugated or waffled plates. 

In addition to their use as transmission media, geotextiles are used 
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extensively in lining systems: they are used as filters or separators to 
prevent contamination of high-permeability materials by fine soils or 
waste, and they are used as cushions to protect geomembranes from 
damage by adjacent materials. 

Geomembranes, synthetic drainage materials, and geotextiles are all 
members of a class of products terms geosynhzrics. 

Cummenf ufl geolexrile Czu&ns. It may seem appropriate to use a _ .- ___. . . ,d.. ‘gi;bt~$til~ ‘~ihC@fi~‘Wtw&ES &ieTtiiiiHCtiS&i& upper cdmpient and the 
low-permeability soil lower component of a composite liner if the soil 
contains stones which might damage the geomembrane. Geotextiles typi- 
cally used as cushions are thick; therefore, their hydraulic transmissivity is 
not negligible and they can convey Iiquids laterally within their plane. In a 
composite liner with leakage through a hole in the geomembrane upper 
component, lateral flow in the geotextiIe increases the rate of leakage 
through the composite liner because it increases the surface area of 
low-permeability soil exposed to a hydraulic head. It may also increase the 
leakage rate by establishing a connection between a hole in the geomem- 
brane and cracks in the low-permeability soil layer. Therefore, the en- 
gineer faces a dilemma: on the one hand, a geotextile cushion placed 
between the two components of a composite liner will help to prevent 
holes in the geomembrane; on the other hand, if there is a hole, the 
leakage rate may be higher than without a geotextile. 

In the vast majority of cases, no geotextile is used between thegeomem- 
brane and the low-permeability soil components of a composite liner, 
because (if the geomembrane is strong and the low-permeability soil does 
not contain sharp stones) a geotextile cushion is not usually necessary, 
whereas there is a significant risk of leakage rate increase as a result of the 
presence of the geotextile. However, test results and discussions presented 
in this paper show that there may be casts where the presence of the 
geotextile does not increase the Ieakage rate due to a hole in the geomem- 
brane; in these casts, the USC of a geotextile may be justified. The reader is 
cautioned, however, that more research is needed before it becomes 
possible to recommend the USC of a geotextile between the geomembrane 
and the low-permeability soil components of a composite liner. 

Of course, if a geotextije cushion is placed between the upper and the 
lower component of a composite liner, it must not be connected to a sump 
or any kind of outIet because the geomembrane, the geotextile, and the 
soil layer would then form a double liner, which is not the goal. In 
subsequent discussions, we will assume that, in the rare cases where a 
geotextile would be incorporated in a composite liner, it is not connected 
to a sump. 
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shown in Fig. 1. Lining systems are used in three types of containn 
facilities: 

, --- 
nent 

L.- -. + facilities containing liquids such as dams, canals, reservoirs (to which 
a variety of names are given such as ponds, lagoons, surface im- .--- .- .- ..-_e,_ . . . _, ---. . _ . . -.---I _ a.-~..tisaTsy: . . .._.-.. --- -- pounaments, l lqum Imp ,_ 

l facilities containing solids such as landfills, waste piles, and ore leach I I 

pads; and - 
l facilities containing mostly liquids at the beginning of operations 

mostly solids at the end, such as settling ponds, evaporation p< 
and sludge ponds. 

and 
lnds 

- . 

Leachafe collection. In facilities containing solids, there is generally a 
ieachate collection buyer above the top liner. This layer is usually made of 
hi_eh-permeability materials similar to those used to construct leakage 
collection layers. These materials were described in Section 1.3.4. The 
purpose of the leachate collection layer is to collect the leachate and 
convey it toward a sump where it is removed from the facility. The leachate 
is the liquid that has permeated through the solid contained in the facility 
(e.g. contaminated liquid that has seeped through the waste stored in a 
landfill, or pregnant solution in the case of an ore leach pad). The 
efficiency of the leachate collection layer governs the hydraulic head acting 
on the toD liner of a facility containing: solids. The hvdraulic head governs - . . .., . -. ‘ 
the leakige rate through {he liner, as discussed in the next sectior ;. 

1.3.6 Hydraulic head 
Dtfinition. Leakage through a liner in contact with a liquid is go vef ned 

by the hydraulic head difference to which the liner is subjected. &suming 
that the liner is saturated, the hydraulic head differcnceacross the liner is 
given by: 

Ah=h, + HL 

where: Ah = hydraulic head difference; h, = hydraulic head acting on 
of the liner; and Ht = liner thickness. 

top 

If the liauid on tar, of the liner is not flowin (with the excention of the -- ---- --1--- --- --= -_ _~~~ -““‘o \-- ._.I -.-- ““‘r” -.- -- 

slow movement due to leakage through the finer), the hydraulic head 
acting on the liner is equa1 to the depth of liquid on top of the liner. If the 
liquid located on top -of the liner -is flowing lateral& (as in a leachate 
collection Iaver). the head is dif --___~~~~ -,--I’ ~~ ‘ferent from the depth of Iiquid. Howe? 
in most Dractical cases the difference between the hvdraulic head actim 

ver, 
,- 

the litteiand the depth of liquid on rap of the liner is negligible and, in”this 
paper, tht two expressions will be used interchangeably. 
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Typical values. Liquid depths on liners (i.e. hydraulic heads acting on 
liners) are as follows: 

l In facilities containing liquids, the top liner (of a double liner) or, 
simply, the liner (in the case of a singIt liner) is subjected to the depth 
of impounded liquid. 

l In facilities containing sohds there is alwavs some liauid (leachate) in 
contact with the Iine+In these facilities,-Uth of liauid on the 
Zirrer exposed to the contained soli& is always designed to be less than 
a maximum value, typically O-3 m  (1 ft) when a layer of granular soil 
is used for the leachate collection system, or a few mill imeters when a 

(The finer exposed to the contained solids is the top liner in the case of 
a double liner or, simply, the liner in the case of a single liner.) 
Leachate generation varies significantly over time (e.g. it peaks 
following a storm); consequently, most of the time, the depth of 
liquid on the liner exposed to solids is less than the maximum design 
value. 

l In all cases, the bottom liner of a double liner is normally subjected to 
a very smalf liquid depth. 

In the analyses presented in this paper, some typical liquid depth values 
wiIl be considered, for the sake of examples orcomparisons. Liquid depths 
of O-03 m  (04 ft) and 0403 m  (O-01 ft) will be considered for the bottom 
liner of a double liner. For the toD Iincr of a double liner. or for the liner in 
the case of a single liner, the following liquid depths will be considered: 

30 m  (100 ft) for deep facilities containing liquids (such as dams and 
Iarge water reservoirs); 
3 m  (10 ft) for shallow facilities containing Iiquids (such as canals. 
small water reservoirs, storage of industrial liquids, and storage of 
liquid chemical waste); and 
O-3 m  (1 fr) or O-003 m  (041 ft) for facilities containing solids de- 
pending on the type of high-permeability material used in the 
teachate collection laver. granular soil or svnthetic drainage layer. 

Composite liners used to decrease leakage rates and this paper will 

have two drawbacks that engineers must consider at the conceDtua1 design 

l Composite liners must be used with caution in liquid containment 
faciIities. If the geomcmbrane component of the composite liner is 

B-13 



38 

- 

a 

3. P. Giroud, R. Bonapurte 

directly in contact with the contained liquid (in other words, if the 
geomcmbrane is not covered with a heavy material such as a layer of 
earth or concrete slabs), and if there is leakage through the geomem- 
brane, liquids will tend to accumulate between the low-permeability 
soil (which is the lower component of the composite liner) and the 
neomembrane, since the submerged portion of the geomembrane 
{whose sp&fic gmyity is, close to 1) k easily-uplifted. Then, if the . . . 
impoundment is rapidtyemptted, the geome6ibrane will be subjected 
to ‘severe tensile &e&es because the pressure of the entrapped 
liquids is no longer balanced by the pressure of the impounded liquid. 
Therefore, a composite liner should always be loaded, which is 
automaticaily the case in a landfill or in a waste pile, and which must 
be taken into account in the design of a liquid containment facility. 
If the top liner of a double-liner system is a composite liner (Fig. l(e)) 
the compaction of the soil component of this liner will induce stresses 
in the underlying materials. These stresses may damage the geosyn- 
thetics (geotextiie filter and geonet drain) that may be used in the 
leakage collection layer, and the geomembrane component of the 
bottom liner. Therefore, the soil component of a top composite liner 
must be compacted with great care and light equipment, and often 
will not be as we11 compacted as the soil component of a bottom 
composite liner. 

In addition to these drawbacks which must be considered at the concep- 
tual design stage, composite liners may have defects as indicated in Section 
3.1.2. 

I.4 Leakage definition 

1.4. I Defim’iicms.- leak and leakage 
According to Webster’s dictionary: 

l A Ieak is ‘a crack or opening that permits something to escape from or 
enter a container or conduit’. 

l Leakage is ‘something that escapes by leaking’ or ‘an amount lost as 
the result of leaking’. 

1.4.2 Leak size and leakage rate 
The term ‘leak size’ designates the size of a hole, expressed as a surface 
area or dimensions such as a diameter (e.g. a 1 cm2 leak, a t in2 leak, a 
2 m m  diameter leak, a 025 in diameter leak). The term ‘leak size’ is 
sometimes mistakenly used for ‘leakage rate’, which is the fiow rate 
through a leak or a group of leaks. The leakage rate is expressed as a 
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leakage rate’ will be used in this paper as an abbreviation for ‘leakage rate 
per unit area of liner’, which is expressed as a volume per unit of time per 
unit of area (m% per m2 (which is equivalent to m /s), liters/hectares per 
day (lphd), liters/1000 m?day (Itd), gallons/acre/day @pad)). Unit conver- 
sions are given in Table 1, The relationship between unitized leakage rate 
and leakage rate is as foIIows: 

q = Q/A (2) 
where: q = unitized leakage rate (i.e. leakage rate per unit area of liner); 
Q  = leakage rate; and A = considered area of liner. Basic SI units are: q 
(m/s), Q  (m3/s), and A (m’). 

TABLE 1 
Le:rkage Rate Units 

Leakage ralc (Q) 
1 m-‘/s = 8-64 x IO’ liters/day 

= 2-28 x 10’ gallonslday 
1 liter/day = 1.16 X lo-* m3/s 

= O-26 gallon/day 
1 gallon/day = 4-38 x lOma m’/s 

= 3.78 liters/day 
Unitized icukugc~ rule (4) 
1 m/s = 8-64-x 10”’ liter41 000 m’ per day 

= 8-64 x 10” liters/ha per day 
= U-24 x IO”’ gallonJacrc per day 

1 litcrlhafday = 1+16X lO”‘m/s 
= 0 107 gallon/acre per day 
= 0. I liters/l 000 m* per day 

1 liter/l 000 m2/day = 1.16X lo-*’ m/s 
= 1 a07 gallon/acre per day 
= IO liters/ha per day 

1 gallon/acre/day = 1*08x ro-” m/s 
= 9-35 liters/ha per day 
= 0+35 liters/l 000 m’ per day 

From a practical standpoint. the following approximate conversions can be used: 
1 Iphd = 0.1 gpad 
1 gpad - IO lphd 

1 Itd = I gpad 
where: Iphd = liter/ha per day, Itd = liter/l 000 m’ per day. gpad = gallon/acre per day. 

Notes: 1 hectare =1OOmx1CQm=10OOOm’ = 2-47 acres. 1 acre = 55 yd x 88 . - .- .4 .- --- - -. 

B-15 



40 J. P. Giroud, R. Bonaparte 

1.43 Durcy’s equalion 
fn this paper, reference is often made to Darcy’s equation which governs 
the flow of liquids through porous media such as soils: 

Q/A = ki = k Ah/T (3) 
where: Q -= flow rate (i.e. leakage rate if the considered flow is through a 
liner); A  = area perpendicular to the flow; k = hydraulic conductivity of 
the porous medium; i ~%@%&~A$%i%t~“&& -s’hydraulic head differ- 
ence; and T = thickness of the porous medium. Basic SI units are: Q 
(m%), A  (m’), k (m/s), Ah (m), and T(m); i is dimensionless. 

in the case of laminat flow of water through porous media, the hydraulic 
conductivity, k, is a constant which depends only on the porous medium, 
the liquid and the temperature (in other words, k is independent of the 
liquid pressure and the hydraulic gradient). Flow is laminar if the openings 
of the porous medium are small, which is the case of pea gravel and all finer 
soils, and needlepunched nonwoven geotextiles. Flow is nonlaminar 
(turbulent or in the transition between Iaminar and turbulent) in clean 
gravel and all coarser materials, and in gcosynthetics with large openings 
such as geonets, geomats and waffled structures. If Darcy’s equation is 
used to express flow rate in materials where the flow is not laminar, k is not 
a constant, but depends on the hydraufic gradient. 

Geomembranes are not porous media like soils and. th&cfore, flow of 
Iiquids through geomembranes is not governed by Darcy’s equation. This 
is why the terminology ‘permeation through gcomcmbrancs’ (see Section 
2.2) is preferred to the terminology ‘permeability of geomembranes’, the 
term ‘permeability’ being traditionally associated with porous media. 
However, for the sake of comparison with soils, the flow of water through 
geomembranes can be expressed using Darcy’s equation, which leads to a 
value of k that is not a constant, but depends on the pressure of the liquid 
(and, therefore, the hydraulic gradient). Such a value ofk can be called the 
‘equivalent hydraulic conductivity of the gcomcmbranc for the considered 
hydraulic gradient (or pressure)‘. 

2 LEAKAGE THROUGH GEOMEMBRANE LINERS 

2.1 Introduction 

2.1. I Scope of the section 
As indicated in Section 1.2.4, two types of liners are considered: geomem- 
brane liners (i.e. geomembranes alone) and composite liners (i.e. liners 
comprised of a geomembrane associated with a layer of low-permeability 
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soil). Section 2 discusses leakage through geomembrane liners. Leakage 
through composite liners will be discussed in Section 3. 

Some of the information presented in Section 2 will be used in Section 3 
since the first step of leakage through a composite liner is leakage through 
the geomembrane component of the composite liner. 

through an intact geomembrane; and (ii) flow through defects in a 
geomembrane. Accordingly, leakage due to permeation will be discussed 
first (Section 2.2). followed by leakage due to geomembrane defects 
(Section 2.3). 

Finally. concIusions regarding leakage through geomembrane liners will 
be presented in Section 2.4. 

2.2 Leakage due to permeation through geomembranes 

marily concerned with water as the permeant. 11 is well known that certain 
organic chemicals pcrrncate geomembranes much more quickly than 
wafer. The significance of this fact is addressed in Section 2.2. IO. 

2.2.2 Liquid perrnearrzeter tests 
Tests were conducted 2~ the University of Grenoble (France). first by 
Giroud from 1973 to 1978, and then by Gourc and Fame, using a 
constant-head, fixed wall pcrmeameter similar to fixed-wail cells somc- 
times used to measure soil permeability (Fig. 2). (Hereafter, these tests 
arc referred to as %quid permeameter tests’ to prevent any confusion with 

vapors.) These tests have shown that water passes through a geomem- 
brane when there is water on both sides of the geomembrane and the water 
pressure on one side is different from the water pressure on the other side. 
Results of these tests were published by Giroud.2*3 In these publications, 

qs = &/A = k, i = k, A?dT, w 

where: qp = unitized leakage rate (i.e. leakage rate per unit area of 

to geomembrane permeation; A = surface area of the considered - . 
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PERMEAMETER 
CELL ,I. 

GRADUATED 

STANOPYPE 

4 
AIR UNOER 
PRESSURE 7 II 1 I 

_- --.. - 

J L POROWS STONE 
GEOMEMBRANE 

Fig. 2, Liquid permcameter test. The apparatus schematically shown above was used lo 
evaluate water permeation through intact geomembrmes at the University of Grenoble 

(France). Oil is used lo prevent evaporation. 

brane; i = hydraulic gradient; M  = hydraulic head difference; and 

G = geomembrane thickness. Basic SX units are: qs (m/s). Q, (m3/s), A 
(m*), k, (m/s), and A/z (m); i is dimensionless. 

The equivalent hydraulic conductivities thus calculated vary with the 
water pressure (and, consequently, the hydraulic head and the hydraulic 
gradient), which indicates that permeation of water through a geomem- 
brane is different from laminar flow through porous media (where the 
hydraulic conductivity is constant as discussed in Section 1.4.3). Also, as 
shown by Giroud, 2~3 the variation of geomembrane equivalent hydraulic 
conductivity with water pressure is very complex. It is therefore impractic- 
al to use equivalent hydraulic conductivities for geomembranes and 
another approach has been developed, as discussed below. 

2.2.3 The concept of cueficienr of migradon 
The Iiquid permeameter tests discussed above can be interpreted using a 
coeficienf of migration defined as follows: 

qr = &/A = m ,lTg 

where: qe = unitized leakage rate (i.e. leakage rate per unit area of 
geomembraqe) due to geomembrane permeation; Q, = leakage rate due 
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to geomembrane permeation; A  = surface area of the considered 
geomembrane; mB  = 
Te = 

coefficient of m igration of the geomembrane; and 
geomembrane thickness. Basic SI units are: qg (m/s), Q, (m3/s), A 

(m2), mg (m2/s), and Tg (m). 
Comparing eqns (4) and (5) leads to the following relationship between 

kg and ltlg: 

“fr.= k,Ah . . . . . a. . v.. ---_ _.. -. - -.- . . _. -.- (6) .-- 

There is no fundamental reason to prefer mg or kg. The use of ltlg is 
recommended by the authors for the practical reasons discussed below. 

The geomembrane coefficient of m igration, mg, varies with the water 
pressure (and, therefore, the hydraulic head and the hydraulic gradient), 
but in a way that seems simpler than the way the geomembrane equivalent 
hydraulic conductivity, k,, varies. Therefore, for geomembranes, the use 
of the coefficient of m igration seems more practical than the use of the 
equivalent hydrauk conductivity. In addition, when the term geomem- 
brane equiualen~ hydraulic conductivity is used, there is a connotation that 
flow is due to advection through pores in tbe geomembrane. However, the 
actual mechanism of water m igration through the geomembrane is diffe- 
rent from pure advection. With the term geomembrane coeficienr of 
migration, there is no implied assumption regarding the nature of the 
m igration mechanism, 

Values of the coefficient of m igration obtained for various geomem- 
branes using the liquid permeameter test results arc given in Table 2. 
Although there are not enough data to draw firm conclusions, it appears 
that the coefficient of m igration increases to some maximum value, mgma,., 
as the liquid pressure increases. From available data, it appears that the 
coefficient of m igration reaches a plateau m , = mgmax for liquid pressure 
of the order of SO-IO0 kPa (7-14 psi) (i.e. hydraulic heads of the order of 
S-10 rn (IS30 ft)). The value of m  gmlx, like the value of m ,, depends on 
the polymer used to make the geomembrane. (Note: The existence and 
value of mgrnax are tentative due to the difficulty in performing permea- 
meter tests at high pressures and the potential for testing error. Even 
under high pressures, the flow rates are very small, while the high 
pressures could cause expansion of the hydraulic system or small amounts 
of leakage.) 

When there is water on both sides of a geomembrane, there cannot be 
any flow if there is no pressure difference across the geomembrane. 
Therefore, eqn (6) shows that the coefficient of m igration, lltg, must be 
equal to zero when there is no pressure difference across the geomem- 
brane (Ap = 0, i.e. Ah = 0). Consequently, the first part of the cume of 
the coefficient of m igration versus the pressure difference, Ap, increases 
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TABLE 2 
Results of Liquid Pcrmeamcter Tests 

Pressure difference, Ap t&Pa) 
Gcomembranc 

fYPe 50 ml 250 500 750 mw 

CSPE 
Butyl 
Butyl 
EPDM 
PVC 
PVC 
PVC 
Asphaltic 
Asphaltic 

3-5 x Np5 I*7 x x0-” l-9 x w2 2-9 x 1o-‘5 3-o x lo-” 
l-l x lo-r2 2-3 x lo-l2 2*2 x 10-‘2 
1*7 x lo-‘2 25 x 10‘” l-1 x 1O”2 
l-6 x 10’” 2*1 x lo”‘2 4-4 x lo”3 
8-l x 10-I’ 2.0 x lo-‘2 la0 x lo-‘2 

4.2 x 10”’ 7.4 x lo-l3 6.7 x 1O-‘3 6-S x 10”’ 7*4 x 10”’ 
1-6~ 10”s 3-2 x 1O’J3 6.5 x 1O-‘3 4.5 x 10”’ 
Values of the migration coefficient, m, (m%) 

Note: Values of geomembrane migration coelficicnts (m,) were obtained from tests 
conducted at the University of Grenoble (France) with the apparatus shown in Jrig. 2. 

TABLE 3 
Results of Water Vapor Transmission Tests on Geomembranes 

Wt?ter Coeficient Equivaht 
vapor 

Butyl Nbber 

CPE 

CSPE 

Elasticized 
polyolefin 

co 

O-85 
0.85 
1.85 
0.53 
0*79 
O-79 
0.85 
0.94 
O-97 
0*74 
O-76 
O-89 
0*91 
0.94 
1.07 
O-72 

1*160 
1-650 

O-384 
O-020 
O-09-7 
0.643 
1400 
O-320 
o-264 
O-305 
0*643 
0*333 
0*663 
0.438 
0.748 
0=422 
o-252 
O- 142 

20.18 
14*M 

3-8 x lo-” 
2*0 x 10”” 
2.1 x 10’” 
3.9 x 1o-Ls 
1-3x 10-l’ 
2*9 x NYL5 
2-6 x 10’” 
3-3 x 10”) 
7-2 x lO-JS 
2-9 x lo-l5 
5-8 x lo-” 
4.5 x 10-l’ 
7-9 x lo-I5 
4-6 x lo-‘:’ 
3-l x lo+ 
l-2 x 1o-‘s 

Z-7 x 1o-‘3 
2.7 x 10”’ 

2.7 x 10-l’ 
I.4 x 1o-‘5 
1.5 %  lo-l4 
2.8 x 10”’ 
9.0 %  lo-l4 
2*1 x to-” 
1.8x 10”’ 
2-3 x 10”’ 
5-l %  lo-” 
2.0 x lo-” 
4.1 x 10”” 
3.2 x lo-l4 
5.5 x 10-l’ 
3-2 x lo-” 
Z-2 x lo-” 
8.3 x 10”’ 

1.9 %  10”’ 
1*9 %  lo-r2 
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Polymer 

Wafer C*tffGt 1 EqtGvalenl 
Geomembr42nc vapor of lt~drattlic 

fhi&lCSS trunsmikon migration conductivity 
ct W-VT 

04 (gltmf - day)) (2/S) 
4 

O W  

EPDM U-51 U-270 I.6 x ws 1-l x lb-” . 
o-94 0*190 2-I x lo-l5 l-5 X IO--” 
I-70 O-172 3.4 x lo-‘s 2.4 x lo-” 

Neoprene U-51 0.304 l-8 x 1tP 1.3 x 10”’ 
0.91 O-473 50 x lo-l5 3-S x Io-k4 
1.27 0.429 6.3 x 10-ls 4-4 x IO--” 
l-59 0.237 4-4 x lo-Ls 3.1 x 10-l’ 

Ni trile m  bber Q-76 5.51 4*8 x 10-l’ 3.4 x 10”’ 
Polybu tyIenc 0.69 O-OS4 6.7 x lo-‘h 4-7 x lo--” 
Polyester 0.20 10.50 24 x IO”’ l-7 x lo-” 

elastomer 
LDPE O-76 O-057 3 5.1 x lo+ 3-5 x IO--‘” 
HDPE O-80 0~017 2 1.6 X lo-l6 1-l x IO’” 

2-44 0406 2 1.8 x lo-‘* l-2 x Io-‘s 
HDPE-alloy WI6 O-047 2 4.7 x 10-‘6 3-3 x IO-‘” 
PVC O-28 4.42 l-4 x IO+ 1*0x 10”” 

u-5 I 2.97 1-s x 10-J’ 1.2 x 10-12 
0*76 1.94 I.7 x 10”’ I-2 x w3 
0.79 145 l-7 x 1o-f4 1.2 x 10-J" 

PVC-E o-91 2-78 2-9 x lo-” 2-l x 10”’ 
PVC-OR 0.83 4.17 4-o x 10-J’ 2.8 x 1O-‘3 
Saran film 0.013 O-563 s-5 x 10”’ 5-9 x 10”” 

Notes: The water vapor transmission (WVJ) rates are from Haxo clol.‘From these WVT 
values. the values of the coefficient of migration (m,) were derived using cqn (IS) and the 
values of the equivalent hydraulic conductivity (k,) were derived using eqn (IS). (See also 
Table 4.) All these tests were conducted at 23°C with a relative humidity differcncc of 50%, 
which is equivalent to a vapor pressure difference. Ap, of 1.4 kPa (0.2 psi). Definitions of 
polymer symbols can be found in Refs 1 and 2. 

from zero to nrgmlx as the pressure difference increases from zero to a 
value* APplatcau P approximately equal to 50-100 kPa (7-14 psi). 

2.2.4 Water vapor lriznsmission lest3 
It is difficult to conduct water permeameter tests on geomembranes with a 
head of water smaller than 5 m  (16 ft) (i.e. a pressure smaller than 50 kPa 
(7 psi)) because the rates of water permeation are too small to be 
accurately measured. As indicated in Section 1.3.6, hydraulic heads acting 
on liners are often smalIer than 5 m  (16 ft). Therefore, it is useful to 
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complement results from the liquid permeameter tests cited above with 
results from water vapor transmission tests. These tests are typically 
conducted with a vapor pressure difference across the geomembrane of 
the order of l-10 IsPa (0-15-M psi). 

Water vapor transmission tests have been extensively used on various 
types of membranes and the test procedures have been standardized (e.g. 
ASTM E96). In brief, the test is performed as follows: the two sides of a .--~-~-. . 
ieomembrane specimen ar&ubjected to twodiffe’ren‘t relative humidities. 
Typically, one side is subjected to a SO% reJative humidity while the other 
side is maintained at 0% relative humidity (using a desiccant) or 100% 
relative humidity (by having liquid water (at nearly zero pressure) in 
contact with the entire surface of the geomembrane specimen). The 
relative humidity difference corresponds to a vapor pressure difference 
which drives vapor through the geomembrane. The relationship between 
vapor pressure and relative humidity is as follows: 

where: p = vapor pressure; pr = vapor pressure at the saturation point 
(which is a function of temperature and is tabulated in most physics 
handbooks); and H = relative humidity. Basic SI units are: p (Pa) and ps 
(Pa); H is dimensionless. 

The water vapor transmission rate (WVT) measured in the test is the 
mass of vaporpermeathg the geornembrane per unit area of geomembrane 
per unit period of time. The SI unit is kg/(m’ s) and test results are often 
reported in gI(m’ day). (Note: 1 g/(m’ day) = l-16 X  10S8 kg/(m* s).) 

ResuIts from water vapor transmission tests are given in Tables 3 and 4. 

2.2.5 Fick’s equation 
Water vapor transmission tests are usually interpreted using Fick’s equa- 
tion: 

(8) 
where: WVT = water vapor transmission rate; M  = mass of vapor 
migrating through the geomembrane; A = geomembrane surface area; 
t = time (i.e. duration of permeation); D, = water vapor diffusion coef- 
ficient of the geomembrane; AJJ = vapor pressure difference between the 
two sides of the geomembrane; and Te = geomembrane thickness. Basic 
SX units are: WVT (kg/(m2 s)), M  (kg), A (m2), t (s), D, (s), Ap (Pa), and 
Tp (4 
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TABLE4 
RcsuIts of Water Vapor Transmission Tests on Polymers 

vapor WtNV Coegkienr Equivalent 
pressure vupor Rcjference of hydraulic 

difference trunsmission thickness migralion conductivity 
Geomembranr bs 

type . ..- .-..*. -- (_kp+- .._. (..&y:y)): -.fmT&.. .-.. $g.JL.. a . $sj AL 

CSPE 6.4 161 o-025 4-7 x lo-l4 -7-Z x 10”’ 
Butyl 6-4 26 0425 7-5 x lo-l5 l-2 x lo-” 
PVC 6-1 32 0425 9.3 x lo+ l-5 x lo-” 
HDPE 042 6*4 28 ME5 8-l x lo-l5 1.2 x 10-l’ 

0494 5-S I4 0425 4*1 x lo-l5 6-9 x IO-” 
Q-95 6-l ,‘A-7 O-025 I-9 x 1o-‘s 3-I x 10’” 
O-96 5-S 4 0425 1*2x 10”s 2-o x lo-*s 

Notes: The pressure difference, Ap, was derived from the test relative humidity 
difference using eqn (7). Values ranging from O-92 to O+% are HDPE spcciRc gravities. 
The water vapor transmission (WVT) rates arc from Rogers.” From these WVT values, 
the values of the coefficient of migration (mB) were derived using eqn (18). and the values 
of the equivalent hydraulic conductivity (k,) were derived using eqn (IS). (See also Table 
3-l 

Combining eqns (7) and (8) leads to the following expression for Fick’s 
equation; 

wvT= 
M 

or = D,p,AMT, (9) 

where: AH = relative humidity difference between the two sides of the 
geomembrane. 

Inspection of Fick’s equation shows that the water vapor transmission 
rate (WVI) depends on the pressure used in the test. It also depends on 
the thickness of the geomembrane and therefore characterizes a given 
geomembrane (e.g. a 1.5 mm (60 mil) thick HDPE geomcrnbrane), not a 
geomembrane material (e.g. HDPE). Consequently, water vapor truns- 
mtkrion rates (WVT) are mearzingful only if the vapor pressure and the 
geomembrane thickness wedin the test are known. Values of WVTgiven in 
the literature should therefore be used with caution. 

Knowing the water vapor transmission rate of a given geomembrane 
specimen obtained in a given test, the quantity of vapor permeating 
through a geomembrane made with the same material can be calculated 
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for different pressures and thicknesses using the following relationships 
derived from Fick’s equation: 

where: M  = mass of vapor migrating through the considered geomem- 
.brane when -it is subjected-to a pressure cliff- &;A = considered 
geomembrane surface area; I = time (i.e. duration of permeation through 
the considered geomembrane); W W  = water vapor transmission rate 
through the considered geomembrane when it is subjected to a pressure 
difference Ap; (WVT), = water vapor transmission rate through the 
geomembrane specimen used in the test; 4 = vapor pressure difference 
between the two sides of the considered geomembrane; hp, = vapor 
pressure difference between the two sides of the geomembrane used in the 
water vapor transmission test; TBO = thickness of the geomembrane speci- 
men used in the water vapor transmission test; Tg = thickness of the 
considered geomembrane; AH = relative humidity difference between 
the two sides of the considered geomembrane; and AH, = relative humid- 
ity difference between the two sides of the geomembrane specimen used in 
the water vapor transmission test. Basic SI units are: M  (kg), A (m’), z (s), 
WVT (kg/(m2s)), Ap (Pa), bg, (Pa), TsO (m) and TB (m); AH and AH, are 
dimensionless. 

It should be pointed out that the use of eqn (IO) should be restricted to 
pressures that are not too different from the pressures typically used to 
conduct the water vapor transmission test (e.g. pressures of the order of 
l-10 kPa (04-l-5 psi). 

2.2.6 Discussiun of Fick’s equalion 
The first expression of Pick’s equation (eqn (8)), shows that there is no 
vapor transmission through a geomembrane if there is no vapor pressure 
difference between the two sides of the geomembrane. According to the 
second expression of Fick’s equation (eqn (9)), it is equivalent to say that 
there is no vapor transmission through a geomembrane if the relative 
humidity is the same on both sides of the geomembrane. This happens in 
particuIar when there is liquid on both sides of the geomembrane 
(H = 100%). Therefore, if there is Iiquid on both sides of a geomem- 
brane, there is no vapor transmission through the geomembrane, even if 
there is a pressure difference between the two sides. 

From these facts, some researchers have concluded that there is no 
liquid migration at all through a geomembrane if there is liquid on both 
sides of the geomembrane, regardless of the pressure difference; in other 
words, they have concluded that vapor transmission is the only mechanism 
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of fluid transport through a geomembrane. However, it seems that 
another conclusion can be drawn as a result of the following rationale: 

l As indicated above, there is no vapor transmission through a 
geomembrane exposed to liquid on both sides. 

liquid does migrate through a geomembrane when there is Iiquid on 
bdtM&$<. ‘tiith &pressure difference: * .-’ .-- ‘. ‘- . . 

l Therefore, vapor transmission is not the only mechanism of water 
migration through a geomembrane. 

The fact that there is water migration through a geomembrane when 
there is water (in liquid state) on both sides, with a pressure difference, 
does not necessarily imply that liquid is flowing through small channels in 
geomembranes as it does in soils. It is more likely that water transport 
through geomembranes is at the molecular level because spaces between 
the molecular chains of the polymers used to manufacture geomembranes 
are extremely narrow. It is even possibIe that the mechanism of water 
migration through geomembranes at the molecular level is identical 
whether the cause of migration is a liquid pressure difference or a vapor 
pressure difference. Clearly, additional research on flow through 
geomembranes would be useful to define the transport mechanisms better. 

2.2.7 Rciatiomhip between liquid and vapor migrations 
Two types of tests have been discussed above: 

l Liquidpermeameter tests. In these tests, the driving pressure causing 
water migration through the geomembrane is liquid pressure differ- - - - - 
ence. For practical reasons, these tests are typically conducted with 
reIativeJy high pressures. 

l Water vapor transmission tests. In these tests, the driving pressure 
causing water migration through the geomembrane is vapor pressure 
difference. For practical reasons, these tests are typicaIly conducted 
with relatively low pressures. 

* The liquid permeameter tests discussed in Section 2.2.2 show that 

. 

Since their pressure ranges are different, these two types of tests are 
complementary. However, to compare the results from these two types of 
tests, the results must be expressed in the same way. It is therefore 
necessary to estabtish relationships between the coefficients used to 
express the resuhs of liquid permeameter tests, on the one hand, and water 
vapor transmission tests, on the other hand. This is achieved by estab- 
lishing a relationship between Darcy’s equation, used to interpret liquid 
permeameter tests (eqn (4)), and Fick’s equation, used to interpret water 
vapor transmission tests (eqn (8)). 
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Darcy’s equation and Fick’s equation are similar. Both equations 
incorporate coefficients of proportionality (equivalent hydraulic conduc- 
tivity in Darcy’s equation, k,, and vapor diffusion coefficient in Fick’s 
equation, D,) relating the same two fundamental physical quantities: the 
rate of mass transport and the pressure difference. Therefore, a rela- 
tionship can be established between the two coefficients of proportional- 
ity, &  and Ds. The relationshipPltillcoacspoad;toa physical reality if the 
mechanism of water transport through a geomembrane at the molecular 
scale is the same regardless of the cause of water migration, liquid pressure 
or vapor pressure, as suggested in Section 2.2.6. At a minimum, the 
relationship is a useful tool to compare rates of water mass transport 
measured using tests where the nature of the driving pressure is different, 
such as the liquid permtameter test described in Section 2.22 and the 
water vapor transmission test described in Section 2.2.4. 

A  preliminary step in the establishment of the relationship between k, 
and 0, is to rewrite Darcy’s equation by: (i) expressing the flow rate as a 
function of the mass transport rate; and (ii) expressing the liquid head 
difference as a function of the pressure difference. 

The flow rate, Q, in Darcy’s equation, is in fact a rate of volume 
transport. It can be converted into a rate of mass transport using the 
following equation: 
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Q = ( Mt)lp (11) 

where: Q = flow rate; M /f = mass transport rate; M  = mass; I = time; 
and p = density of the considered fluid (typically water) in the liquid 
phase. BasicSI units are: Q (m%), M /l (kg/s), M  (kg),f (s), and p (kg/m3). 

The liquid head difference, Ah, in Darcy’s equation can be converted 
into a pressure difference using the following equation: 

where: hh = liquid head difference across the geomembrane; 
Ap = pressure difference across the geomembrane; p = density of the 
considered liquid (usually water); and g = acceleration due to gravity. 
Basic SI units are: M  (m), &  (Pa), p (kg/m3), and g (m/s*>. 

Substitution of eqns (11) and (12) in eqn (4) (which is the traditional 
expression of Darcy’s equation with flow rate and hydraulic head differ- 
ence) yields a new expression of Darcy’s equation with the mass transport 
rate and the pressure difference: 

M  -= k *A (13) t s 5% 
where: M /t = mass transport rate; k, = geomembrane equivalent hyd- 



raulic conductivity; Ap = pressure difference; A = geomembrane sur- 
face area; g = acceleration due to gravity; and T’ = geomembrane thick- 
ness.BasisSIunitsare: Mlr(kg/s), k,(rn/s),Ap(Pa),A (m2),g(m/s2), and 
Tg (mh . 

Comparing Darcy’s equation (eqn (13)) and Fick’s equation (eqn (8)) 
yields: 

4 
-8L), .- -- --... . . .-:- __ . -.-. - - 

G-4) 
where: & = geomembrane equivalent hydraulic conductivity (from Dar- 
cy’s equation); g = acceleration due to gravity; and D, = geomembrane 
water vapor diffusion coefficient (from Fick’s equation). Basic SI units 
are: k, (m/s), g (rn/s2), and D, (s). 

From this important relarionship, it is possible to derive relationships 
between WVT (a coefficient more often used than D, for water vapor 
transmission tests), on the one hand, and k, and mg (coefficients used for 
liquid permeameter tests), on the other. 

By combining eqns (8) and (14): 

WVT = Apk&TJ 

By combining eqns (9) and (14): 

(15) 

WVT = ps AHk,/(g7J 

By combining eqns (12) and (15): 

WV-T = pk, Ah/T, 

By combining eqns (6) and (17): 
(17) 

WVT = pm,/T, (18) 
where: k, = geomembrane equivalent hydraulic conductivity; 
g = acceleration due to gravity; Tg = geomembrane thickness; 
WVT = geomembrane water vapor transmission rate; Ap = pressure 
differ-ence; pd = vapor pressure at the saturation point (which is a function 
of temperature and is tabulated in most physics handbooks); 
AH= relative humidity difference; p = liquid density; hh = hydraulic 
head difference; and m, = geomembrane coefficient of migration. Basic 
Sl units are: k, (m/s),g (m/s2), Ts (m), WVT (kg/(m2 s)), Ap (Pa), ps (Pa), 
P Wm3), Ah ( m , and mg (m2/s); AH is dimensionless. > 

2.2.8 Curves of coeffcieni of migration 
Using the relationships established in Section 2.2.7, it is possible to express 
the results of the liquid permeameter tests and vapor transmission tests 
with the same coefficient. Any of the coefficients (&, M,, D, or W) can 
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be used. The use of m, is preferred for the reasons already indicated in 
Section 2.2.3: (i) m, varies with liquid pressure in a simple way; and (ii) “tt 
is a new coefficient which has not been associated historically with any fluid 
transport mechanism, and its neutral meaning does not imply any assump- 
tion regarding the transport mechanism. In addition, for interpretation of 
vapor transmission test results, mp is not dependent on geomembrane 

&i&n~ s js m, ..-..--- .---- - ‘-- 
Using eqn (18), the measured water vapor transmission rate’ (WVT) 

values given in Tables 3 and 4 have been converted into values of the 
coefficient of migration. (Tables 3 and 4 also include values of equivalent 
hydraulic conductivities obtained using eqn (15).) It is interesting to see in 
Table 3 that the series of tests on a given product (e.g. the series of four 
tests on PVC) with various thicknesses give consistent values of the 
coefficient of migration. However, Tables 2.3 and 4 contain discrepancies 
and apparently erratic results due to the difficulty of the tests and the 
sometimes great differences between geomembranes of the same generic 
type. For example, the large discrepancy between water vapor transmis- 
sion rates measured on PVC at a l-4 kPa (O=Z psi) pressure difference 
(Table 3) and a 6 kPa (O-9 psi) pressure difference (Table 4) probably 
resuIts from the fact that the PVC tested at a l-4 kPa (0=2 psi) pressure 
difference was a geomembrane made of plasticized PVC and the PVC 
tested at a 6 kPa (0.9 psi) pressure difference #was pure PVC. Plasticizers 
cause PVC to swell, thereby making plasticized PVC more permeable than 
pure PVC. 

There are insufficient data in Tables 2.3 and 4 to establish a complete 
table of values of coefficient of migration, m,, for geomembranes. Sys- 
tematic testing should be undertaken to investigate the relationship be- 
tween the coefficient of migration and the pressure difference. In the 
meantime, we propose to use available data (presented in Tables 2,3 and 
4) to draw curves such as those in Fig. 3. Since we have shown in Section 
2.2-3 that mg = 0 when Ap = 0, it is. possible to interpolate between 
(m. .J 0, L\p = 0) and known data points to obtain rng for small values of 
L\p. 

From the curves given in Fig. 3 in logarithmic scale, it is possible to draw 
the curve given in Fig. 4 which illustrates what seems to be the shape of the 
coefficient of migration-pressure difference curve as can be established 
from available results. As shown in Fig. 4, the following equations can be 
proposed: 

B-28 



Leakage through liners-i 53 

PRESSURE DIFFERENCE, Ap tkPo1 

Fig. 3. Coefficients of migration for various geomembranes. The CUNCS show the variation 
of the coefficient of migration, m,, as a function of the fluid (vapor or liquid) pressure 
difference, Ap, xxoss the geomembrant. The data points are from Tables 2, 3 and 4. 
HDPE gcomcmbr;lnes are genernlty considered lo be less permeable to water than others 
and this seems to be confirmed by the above curves. The curves also seem to indicate that 
PVC geomembranes are less permeable to water than CSPE geomembranes. This may not 
be true in many cases because of the large variety of PVC and CSPE gcomembwnes: a 
CSPE geomembranc typic;llty contains 45% CSPE and 55% additives. and a PVC 
geomembrane typically contains 65% PVC and 35% piasticizers. In contrast. I iDPE 
geomembranes are less variable. because they are essentially made of HDPE with only a 
very small percentage 01 additives; therefore, results for HDPE gcomcmbranes are 
expected to form a smooth curve with no significant scattering. Unfortunately, the 
database for HDPE geomembrznes is limitedand thedashcdportion of the curve related to 

HDPE was assumed. 

where: mg = gcomembrane coefficient of migration; C1 = coefficient; 
Ap = pressure difference; and n = dimensionless coefficient between 1.5 
and 2. Basic SI units are; OTIS (m%), Ct (m” kgB2 s3 if n = 2, or m3*’ kg-“’ s2 
ifn = 1-S). and Ap (Pa). Equation (19) assumes that the first part of the 
curves in Fig. 3 (logarithmic s&e) are straight Iines. 

It is clear from the above discussions that a Jot of work needs to be done 
before it becomes possible to draw firm conclusions on rates of water 
permeation through geomembranes. 

2.2.9 Exmnp~e of leakage rate evaluation 
From Fig. 3, or from cqns (19) and (20), with C, = 1 X  1O-22 mJ kg-* s3, 
n = 2, Mplarcau = 55 kPa, and mpu = 3 x IO-l3 m2/s, it is possibIe to 
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qhl..” PRESSURE DIFFERENCE, 4 p 
01) $w.,r OR HYDRAULIC GRADIENT, i 

Fig. 4. Schematic shape of the cute giving the cocfficicnt of migration of a geomembrane, 
mL, as a function of the pressure difference, Ap. ‘This cuwe has been established from a 
l imited number of liquid pcrmcamcter and water vapor transmission test results and needs 
to be confirmed by more tests. The exponent n is of the order of l-S2; m,, depends on 
the geomcmbrane material; C, and Cz are two constants that depend on the geomtm- 
brane material. The value of Applnerr is of the order of 50-100 kPa (7-14 psi), i.e. a 
hydraulic gradient otthe order of 5 x 10 to 1 x lo’. if the geomcmbrane thickness is 1 m m  

(40 mib), and a hydraulic head of the order of S-10 m  (15-30 ft). 

obtain tentative values of the coefficient of migration, rng, for an HDPE 
geomembrane, permeated by water. These values are given in the upper 
part of Table 5. From these coefficients of migration, it is possible to 
calculate unitized leakage rates due to water permeation through an 
HDPE geomembrane. This was done using eqn (5) with a geomembrane 
thickness of 1 m m  (40 mils). The tentative unitized leakage rates thus 
obtained are given in the lower part of Table 5. These tentative unitized 
leakage rates should only be considered as an example to illustrate the 
methodology since the coefficient of migration values used for the calcula- 
tions were assumed (as shown in Fig. 3) from a very limited database. 

2.2.10 Migration of chemiculs 
The liquid permeameter and vapor transmission data in Tables 2,3 and 4 
were from tests using water or water vapor as the permeating fluids. In 
waste containment applications, the liquid in contact with the geomem- 
brane may be a pure chemical other than water, a mixture of pure 
chemicals, or a dilute aqueous solution. Most leachates from municipal 
solid waste landfills and other nonhazardous solid waste containment 
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TABLE 5 
Calculated Unitbed Leakage Rates due to Permeation of Water Through an HDPE 

Geomembrane 

Water depth on top of !hr geomembranc, h, 

Coefficient of 
migration, mIr (r&s) 0 9 x lo-r0 9 x lo-‘8 9 x lo-‘6 g x IO”4 3 x 10”’ 

Unitized teakagc rate, qr 
W) 0 9X10”’ 9x10’” 9x1o-‘3 9x10-” 3xlo-‘O 
(lphd) 0 8 x lO+ O-008 O-8 80 260 
bwd) 0 8 x IO-6 04008 O-08 8 28 

Notes: These values of utilized leakage rates were calculated using eqn (5) and assuming a 
gcomcmbranc thickness of 1 m m  (40 MS). The coefficients of migration used to calculate 
the unitized teakagc rates in this table were obtained from cqns (19) and (20), with 
Cl = I x lo’= m ’ kgm2 s’. n = 2, and Map,, = 3 X 10-l’ IT& The water depths used 
here correspond to the typical values defined in Section 1.3.6. (To use cqn (19). it is 
necessary to know the pressure difference, Ap. According to cqn (1). water depths, h,, are 
approximately equal to hydraulic head differences, Lvr. which ate related by cqn (12) to 
pressure differences, A/r.) 

facilities fail into the latter category with relatively low concentrations of a 
reIativeIy large number of chemical constituents. 

Liquid permeameter tests and vapor transmission tests using either pure 
chemicals, chemicai mixtures or aqueous solutions have been reported by 
August and Tatzky,4 Haxo er nl. ,’ Haxo and Waller,‘Steffen’ and Telles et 
aL8 These test results have shown that permeation rates of some organic 
chemicak through geomernbranes are several orders of magnitude larger 
than the permeation rate of water. The high permeation rates of these 
chemicals persist even when the organics are completely dissolved in an 
aqueous soiution. Under these conditions, permeation of the aqueous 
solvent and organic solute are not coupled and the organic solute may 
permeate the geomembrane to the exclusion of the aqueous soIvent. 
Notwithstanding the high permeation rates measured in laboratory tests, 
the total chemical mass transport rate in the field may be relatively low, 
due to the low chemical concentrations in the l iquids and leachates 
contained by many geomembranes (particularIy in those solid waste 
Iandfills where the primary source of leachate generation is precipitation) 
and the decay of the initial chemical gradient that exists across the 
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geomembrane (due to the absorption of permeating chemicals by the soil 
underlying the geomembrane). 

Just as permeation of geomembranes &y water requires additional 
research, so does permeation of geomembranes by chemicals. Further 
consideration of this topic, however, is beyond the scope of this paper. 

2.3 Lykage due to defects in g-membranes : .w_ - -- _i 

B-32 

2.3.1 Introduction 
In addition to leakage due to permeation of liquids through geomem- 
branes (discussed in Section 2.2) there is leakage through geomembrane 
defects: this subject will be discussed in Section 2.3. As shown in Section 
2.2, Ieakage due to permeation of water can be very small, while it will be 
shown in tbis section that leakage due to geomembrane defects can be 
large. 

In the first part of this section, calcuIations for evaluating leakage rates 
through geomembrane defects, such as pinholes and holes, will be dis- 
cussed. The remainder of the section wiI1 be devoted to an evaluation of 
the size and frequency of defects that may occur in a geomembrane. This 
information is necessary for making analytic calculations of leakage rates 
through liners (geomembrancs alone as well as composite liners). 
AIthough all types of defects are considered, the primary focus will be on 
seam defects because forensic analyses have shown that leakage through 
gcomembrane liners is often due to defective seams, and the most com- 
plete documentation of geomembrane defects is for seam defects. 

At the end of this section, recommendations are presented regarding 
appropriate assumptions for the size and frequency of geomembrane 
defects for lining system design calculations. 

2.3.2 Leakage due to pinholes in the geomembrane 
Defini~iun uf@zhuftzs. According to Giroud3 pinholes should be disting- 

uished from holes and can be defined as openings having a dimension (such 
as diameter) significantly smaller than the geomembrane thickness. The 
primary source of pinholes are manufacturing defects. Early manufactur- 
ing techniques for geomembranes often resulted in a significant number of 
pin holes. However, manufacturing processes and polymer formulations 
have advanced to a degree that pinholes are now relatively rare. 

Basic eqwtion. For leakage calculation purposes, pinholes can be 
considered as pipes and, therefore, according to Giroud,3 PoiseuilIe’s 
equation can be used: 
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TABLE 6 
Calculatccl Leakage Rates due to Pinholes and Holes in a Gcomembranc 

Water depth on sop of the geomcmbrane, h, 

Pinholes (0-004 in) (O-OOIS) (O-015) (O-15) t W  

2mm 1300 
(O-08 in) ,:“, ;:I (%) (3W (;‘E) 

Holes’ 
11-3 m m  1300 4ooo 13 ooo 

(0445 in) (3W (1 W) (3 ooo) (?o& (?E) 

Values of leakage race in liters/day (gallons/day) 

Notes: The geomcmbranc is assumed to be overlain and underlain by a very pervious 
medium such as coarse gravel or geonct. The leakage rate calculated for holes would hc 
significantly rcduccd if the pervious medium in contact with the gcomembrane on one or 
both sides is sand or a less permeable material. In the case of pinholes, a geomembrane 
thicknessof 1 m m  (40 mils) was used in the calculations. while in the caseof holes. leakage 
rates are independent of geomcmbrane thickness. Equation (21) was used for pinholes and 
eqn (22) for holes. The pinhole calculations were based on water at 20°C. The water depths 
used here correspond to the typical values defined in Section 1.3,6. 
“The 2.0.mm diameter circular hole (‘small hole’) has a surface arca of 3.1 mm2 and the 
1 l-3 mm diameter circular hole {‘large hole’) has a surface area of I cm2. These are the two 
holes recommended for design in Section 2.3.9. 

where: Q = leakage rate through a pinhole; k = liquid depth on top of 
the geomembrane; Tp = thickness of the geomembrane; d = pinhoIe 
diameter; p and 7) = density and dynamic viscosity of the liquid, respec- 
lively; and g = acceleration due to gravity. Basic SI units are: Q (m’/s), h, 
(m), 7” (m), d (m), p (ke/m3), 7 (kg/(m s)), and g (m/s*). For water at 
2O“C, p = 1000 kg/m3 and r) = 10m3 k&n s). 

The above equation is different from the equation used for evaluating 
leakage through holes (see eqn (22). Section 2.3.3). 

Cizicufu:ions. Equation (21) has been used to calculate leakage rates for 
two typical pinhole diameters, 0-l m m  (0404 in) and O-3 m m  (0412 in), 
assuming a geomembrane thickness of 1 m m  (40 mils). Results are pre- 
sented in Table 6. The hydraulic heads used in these calculations are equal 
to the liquid depths defined in Section 1.3.6. 
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2.3.3 Leakage due to holes in the geomembrane 
DejGCtiun of holes. According to Giroud3 holes should be distinguished 

from pinholes and can be defined as openings having a dimension (e.g. 
diameter) about as large as, or larger than, the geomembrane thickness. 

Assumption regarding uruferfying material. Leakage rates through 
geomembrane hoIes are significantly affected by the material underlying 
the geomembrane. Two extreme cases can be considered: a high-per- .- 
mcability &&ial such as a granular or stiihktic drainage medium, and a 
low-permeability soil such as a clay layer placed under a geomembrane to 
form a composite liner. The case of a composite liner is addressed in 
Section 3. 

In this section, the material underIying the geomembrane is assumed to 
have an infinite hydraulic conductivity. Tests by Brown et aL9 have shown 
that underlying soils with a hydrauIic conductivity higher than W3 m /s 
(10” cm/s) do not significantly affect free Row through a small geomem- 
brane defect. Their resuIts justify the assumption of an infinite hydrauIic 
conductivity for many drainage materials underIying a geomembrane 
liner. 

Assumption regarding overlying material. Leakage rates through 
geomembrane holes are affected by the material overlying the geomem- 
brane, For this paper, the authors did not investigate the influence of 
overlying soil permeability on leakage rate. Evaluation of this influence 
may be important in some cases and additional work in this area is needed. 
At least, it is clear that the more permeable the overlying material, the 
higher the leakage rate for a given hydrauIic head. In subsequent calcula- 
tions, the overlying material wilI conservatively be assumed to be infinitely 
pervious. This assumption, which is acceptable if the overlying material is 
very pervious such as coarse gravel or geonet, may lead to a significant 
overestimate of the leakage rate if the overlying material is sand or a Jess 
permeable .material. 

Bark equation. Assuming that the considered geomembrane is located 
between two infinitely pervious media, BernouIli’s equation for free flow 
through an orifice can be used to evaluate the leakage rate through a hole 
in the geomembrane: 

Q = C,aa (22) 

where: Q = leakage rate through a geomembrane hoIe; a = hole area; 
g = acceleration due to gravity; and h, = liquid depth on top of 
the geomembrane. C, is a dimensionless coefficient, valid for any 
Newtonian fluid, and is related to the shape of the edges of the aperture; 
for sharp edges, Cs = 0=6. Basic SI units are: Q (m3/s), a (m’), g (m/z?), 
and h, (m). 

. 
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Cafcufu~iom. Equation (22) has been used to calculate leakage rates for 

l a 2*0 m m  {@OS in) diameter hole, assumed to be due to defective 

l a 1 l-3 m m  (0445 in) diameter hole that might result from failure of _ 
. .i-. the~gc6mtm~edti~~&p6W des$i,‘d&mage td ihe geotiembrane 

during pIacement of ,overiying materials, etc. 

The first hofe (‘small hole’) has an area of 3-1 mm2 (04X6 in*) and the 
second hole (‘large hole’) has an area of 1 cm* (O-16 in’). Both hole sizes 
can be considered for design calculations (see Section 2.3.9). 

defined in Section l.@ , (Note: When liquid depth on the geomembrane is 
very small, the ff c& through an orifice may not be free as a result of surface 
tensions- The use of eqn (22) for a liquid depth of 0403 m  (0J.U ft) in 
Table 6 Is therefore questionable. However, eqn (22) is used for lack of a I 
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seaming was provided by the instalIer, using visual inspection and vacuum 
box. 

Upon completion of the liner installation, the tank was filled with water 
to check for leaks. The liner did leak, so the tank was emptied, repairs 
were made and the tank was filled again. This cycle was repeated several 
times, with leaks found on every filling. Leaks were found at 15 different 
locations, Le. an average of one leak per 7 m  (23 ft) of seam. Because of 
the complex geometry tietank, this iritidence of seam defects was 
probably larger than the incidence which would be experienced in more 
typical installations. However, the complex geometry of this tank is 
probably representative of the difficuhies encountered in waste disposal 
units, dams, or other facilities at the connections between geomembranes 
and appurtenances such as pipe penetrations, sumps, manholes, intake 
towers, spillways, etc. 

Large surfizce impoundment. The following case history is reported by 
Giroud and Fluet? A large reservoir, lined with a single reinforced 1 m m  
(40 mil) thick chlorosulfonatcd polyethylene (CSPE-R) geomembrane, 
had been constructed to contain phosphoric acid. The reservoir was 
approximately 3 m  (10 ft) deep and its surface area was approximately 
20 000 m2 (200 000 ft’). 

One year after the first filling, the reservoir suddenly emptied. The 
analysis of the failure indicated that phosphoric acid, leaking through 
several defective seams, attacked the ground, thereby creating cavities. 
The largest cavity was 1 m  (3 ft) in diameter and 04 m  (20 in) deep. 
Under the pressure of the impounded liquid, the geomembrane spanning 
this largest cavity burst, releasing all of the impounded phosphoric acid 
into the ground. 

Quality assurance during installation had consisted of only two one-day 
visits by an engineer who specialized in roofing membranes. Therefore, it 
is not surprising that defective seams were not detected prior to fitling. 

During the forensic analysis, visual observation showed that approx- 
imately O-1 %  of the seam length (including factory seams and field seams) 
was defective. It is probable that a higher percentage would have been 
obtained if a vacuum box had been used instead of visual inspection. It is 
also probabIe that a higher percentage would have been obtained if only 
field seams had been considered to calculate the above percentage. 

2.3.7 Frequency of geomembrane defecrs 
Consisfe~cy of tie obstruatrbnr. Sections 2.3.5 and 2.3.6 present data 

related to frequency of seam defects. Some of these data are expressed as 
an average seam length exhibiting one defect (e.g. one defect per 7 m  
(23 ft) of seam), while other data are expressed as a percentage of 
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defective seam length (e.g. 005% of the total seam length was defective). 
If an average length of seam defect (prior to quaiity assurance) of 10 m m  

(O-4 in) is considered, a percentage of defective seam length of 001% is 
equivalent to one defect every 10 m  (30 ft). Therefore, the observations 
made in the above case studies appear to be consistent. 

Conclusion regarding frequency of seam defects. It is not possible to 
_.,.. a. .a. draw general. con&sk~a~+nly six cases. HoWEVer, since the observa- 

tions made in these six cases were consistent, the following tentative 
conclusions may be drawn for analysis and design purposes: 

l An average of one defect per 10 m  (30 ft) of field seam can be 
expected without quality assurance by an independent firm, and 
without adequate quality control by the geornembrane installer. 

l An average of one defect per 300 m  (1000 ft) of field seam can be 
expected with reasonably good installation, adequate quality assur- 
ance (which implies adequate quality control), and repair of noted 
defects. (Quality assurance followed by adequate repair drastically 
decreases the number of seam defects but does not totally eliminate 
them.) 

The average of one seam defect per 10 m  (30 ft) willlout or before 
quality assurance will probably decrease in the future as a resuIt of the 
increasing USC of new, automated methods of seaming which are now 
available. However, the number of seam defects after q~cafity assurance 
may not decrease significantly because, in the present state of practice for 
construction quality assurance, great emphasis is put on finding seam 
defects and repairing them. Nonetheless, the better seaming methods that 
are now available are highly beneficial for at least the folIowing reasons: (i) 
less seam repair is required during instahation; (ii) frequency of destruc- 
tive seam testing may be decreased; (iii) although quality assurance of 
seaming will always be essential, emphasis in the quality assurance efforts 
may shift toward other areas where improvement is sorely needed such as 
connections of geomembranes with appurtenances and placement of 
drainage materials (which is essential for the functioning of leakage 
collection layers); and (iv) stronger seams are less likely to fait when 
subjected to stresses. 

As a result of the above discussion, a frequency of one defect per 300 m  
(loo0 ft) of seam will be used as a working assumption for analysis and 
design purposes. If geomembrane paneIs Cl0 m  (20-30 ft) wide are used, 
one defect per 300 m  (1000 ft) of seam is equivalent to 3-5 seam defects 
per hectare (l-2 seam defects per acre) of installed geomembrane. 

As soon as possible, these assumed defect frequencies must be modified 
as required by conclusions established on a broader base of well- 
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, . ._. .__.. .-: ..__-- Z-3.-8- Estimation of siz~deftitr -- -- - 
The seam defect documentation reported above addressed primarily the 
frequency of seam defects. Extensive documentation of defect size does 
not exist. On the basis of interviews with quality assurance personnel it 
appears that the maximum size of defects which may still exist after 
intensive quality assurance is equivalent to hole diameters of the order of 
l-3 mm (044412 in) for seam defects and possibIy up to 5 mm (O-2 in) 
for special areas such as connections of geomembranes with appurte- 
nances. (This is consistent with the case history presented in Section 2.3.4.) 
Finally, larger hole diameters, e.g. 10 mm (O-4 in), can be considered to 
represent larger defects, such as those due to accidental punctures. 

There are also defects that cannot be observed by the quality assurance 
personnel, such as: (i) puncture of the geomembrane during installation of 
the protective earth cover or granular drainage layer overlying the 
geomembrane; and (ii) puncture of the geomembrane as a result of 
stresses due to the weight of the impounded material or traffic related to 
the operation of the facility. Defects due to these causes may result in hole 
sizes larger than those referred to above. 

For analysis and design purposes, it is appropriate to consider a range of 
hole diameters from at least 2 mm (0*08 in), to represent seam defects, to 
at least 10 mm (0=4 in), to represent accidental punctures. 

2.3.9 Hole sizes and frequency recommended for design 
Guidance regarding hole size and frequency is useful for engineers design- 
ing lining systems. As a result of the discussion presented in Section 2.3.7, 
a frcq uency of one hole per 4000 m2 (acre) should be considered, and, on 
the basis of the discussion presented in Section 2.3.8, two hole sizes are 
recommended: 

l A hole size of 1 cm2 (046 in2) is recommended for calculations 
conducted to size the components of the lining system, and, in 
particular, the leakage detection, collection, and removal system (i.e. 
to determine the required hydraulic transmissivitv or thickness of the 
leakage collection layer, to select pipe sp 
select the sump size, etc.). 

acing; and diameters, to 

l A hole size of 3.1 mm* (O-oll5 in*) is recof nmended for calculations 
conducted to evaluate the performance of the lining system (i-6 

documented case histories. In the meantime (and in the absence of better 
data), a defect frequency of one per 4ooO m2 (acre) will be used in 
calculations for estimating leakage rates in order to size leakage collection 
layers. This frequency is assumed to include all types of defects, no,t only 
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serviceability calculations, such as flow in the leakage collection layer 
under typical operating conditions). 

In other words, the small hole, which probabIy exists, is recommended for 
c&ulations related to typical operating conditions, and the large hoIe, 
which may exist, is recommended for caIculations related to maximum 
flow conditions. * 

It should be kept inmind that the above-hoIe sizes and frequency have 
been selected with the assumption that intensive quality assurance moni- 
toring will be performed. A  frequency of 25 holes/ha (10 holes/acre) of 
more is possibIe when quality assurance is limited to an engineer spot- 
checking the work done by the geomembrane installer. Also, the above 
hole sizes and frequency do not take into account cases where design flaws 
or poor construction practices lead to a greater number of seam defects or 
a large tear in the geomembrane. 

2.4 Conclusions on leakage through geomembrane liners 

2.4.1 Summary 
In Section 2, the results of permeameter tests and water vapor transmis- 
sion tests were used to evaluate permeation rates through geomembranes. 
Equations to evaIuatc leakage rates through pinhoies and holes were aIso 
presented. Finally, the following recommendations regarding frequency 
and size of holes to be assumed for analysis and design were made on the 
basis of field experience: 

l a frequency of one hole per 4ooO mz (acre); and 
l two hole sizes, I cm* (O-16 in’) for calculations to size the compo- 

nents of the lining system, and 3.1 mm2 (O-005 in*) for performance 
calculations. 

2.4.2 Leakage rates 
By combining Tables 5 and 6, it is possible to establish Table 7. This table 
gives orders of magnitude of unitized leakage rates that may be expected 
when a geomembrane is used alone as a liner. 

It appears that the unitized leakage rates due to only one hole per 
4000 rn* (acre) are large, especialIy for the large hole, while unitized 
leakage rates due to permeation and pinholes are small. It must be 
remembered that the unitized rates given in Table 7 ate related to a liner 
comprised of a geomembrane pIaced directly on the leakage collection 
layer or other very permeable layer. As indicated in Section 2.3.3, the 
equation used to evaluate leakage rates through geomembrane holes is 
valid if the hydrauiic conductivity of the leakage collection layer is larger 
than 10v3 m /s (0.1 cm/s), which will often be the case. 
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TABLE 7 
Cakulated Unitized Leakage Rates ‘J%rough a Gcomembrane Liner 

Waler depth on top of the gcomcmbrane, h, 

V-Mt.3 m  0.03 11) n-3 I?? 3 111 M  nr 
. . . . . @0&/1~. * .-- @d#lr... ..-.. _ - - :. (!fO. m /t) 1100 pi . _ 

Permeation 

Pinhole 

Small hole 

Large hole 

a-tm 1 IlO1 
(0400 01) W W  (A) 

041 
,olb:, (of*) 

10 loo 
(0-001) (1) (10) 

(:; (Z 11g 
3ooo 10000 
ww (1 ml 

3 (Ml 10 000 loooul 
Wfi) (1 f-w gt) (10 o(x)) &E) 

Values of unitized leakage rate in Jphd (gpad) 

Notes: The gcomembrane is assumed to be underlain and overlain by a very pervious 
medium such as coarse grovel or geonet. The leakage rate calculated for holes would bc 
significantly reduced if the pervious medium in contact with the geomcmbrane on one oc 
both sides is sand or a less permeable material. The gcomtmbranc is assumed to be made 
from HDPE with a thickness of 1 m m  (40 mits). The unitized leakage rates (i.e. tcakage 
rates per unit area of liner) were obtained assuming one pinhole or one hole per 4000 m2 
(acre). This table has been established by combining Tables 5 and 6 and rounding up. 7%~ 
considered pinhole has 3 diameter of O-1 m m  (O-004 in); the small hole has a surface area of 
3- 1 mm2 (O-005 in’), i.e. a diameter of 2.0 m m  (O-08 in); and the large hole has a surface 
area of 1 cm2 (0.16 in’), i.e. a diameter of 1 l-3 m m  (O-445 in). The water depths used here 
correspond to the typical values defined in Section 1.3.6. 

It must also be remembered that the unitized leakage rates in Table 7 
assume that the soil layer or other material (such as a synthetic drainage 
layer) directly overlying the geomembrane does not impede flow. This 
latter assumption is important and its ramifications have not been investi- 
gated by the authors. It is likely that, in some cases, a protective soil layer 
or granuiar drainage material placed over a geomembrane impedes flow 
through geomembrane defects. The influence of the overlying material on 
the flow rate through a defect in a geomembrane liner requires further 
investigation. 
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